RNA editing occurs in two higher-plant organelles, chloroplasts and mitochondria. Because chloroplasts and mitochondria exhibit some similarity in editing site selection, we investigated whether mitochondrial RNA sequences could be edited in chloroplasts. We produced transgenic tobacco plants that contained chimeric genes in which the second exon of a Petunia hybrida mitochondrial coxII gene was under the control of chloroplast gene regulatory sequences. coxII transcripts accumulated to low or high levels in transgenic chloroplasts containing chimeric genes with the plastid ribosomal protein gene rps16 or the rRNA operon promoter, respectively. Exon 2 of coxII was chosen because it carries seven editing sites and is edited in petunia mitochondria even when located in an abnormal context in an aberrant recombined gene. When editing of the coxII transcripts in transgenic chloroplasts was examined, no RNA editing at any of the usual sites was detected, nor was there any novel editing at any other sites. These results indicate that the RNA editing mechanisms of chloroplasts and mitochondria are not identical but must have at least some organelle-specific components.
The mRNAs of both plant mitochondria and chloroplasts have been shown to be subject to RNA editing (8, 11, 13, 14) . T's are found in cDNAs of both chloroplasts and mitochondria where C's are located in genomic DNA. Conversion of cytidine to uridine has been demonstrated to occur in plant mitochondria (23) . Most mitochondrial mRNAs have been shown to contain one or more RNA editing sites (12, 24) . In contrast, many fewer editing events have been found in chloroplast mRNAs (15) . Nevertheless, some sequence similarities exist between chloroplast and mitochondrial RNA editing sites. Editing occurs in transcripts of the chloroplast ndhA and ndhB and mitochondrial nad1 and nad2 genes at sites which are homologous at the protein level (17, 18) . Both editing systems exhibit a biased codon transition frequency in which serine and proline codons are more likely to be targets of editing than other C-containing codons. C's in the third position of the codon or C's that follow G residues are the least likely to be edited (7) . Editing can occur before transcript splicing in both organelles. However, unspliced transcripts in both mitochondria and chloroplasts are less likely to be edited in all potential editing sites than spliced transcripts (10, 27, 31) , suggesting that editing in both organelles is a posttranscriptional process.
We wished to test whether mitochondrial sequences could be targets for the editing machinery of chloroplasts. To that end, we cloned the coding portion of the second exon of petunia coxII-2 into two different tobacco plastid expression cassettes and introduced the chimeric genes into the tobacco plastid genome. The coxII-2 second exon contains seven sites that are edited in petunia mitochondria. Although coxII transcripts from both chimeric genes were detected in chloroplasts of transgenic tobacco plants, we observed no RNA editing. Evidently, the tobacco chloroplast editing machinery was unable to operate on these mitochondrial sequences, indicating that one or more components of the editing apparatus differ between the two organelles.
MATERIALS AND METHODS
Cloning of the mitochondrial coxII exon. Petunia hybrida contains two transcribed coxII genes, coxII-1 and coxII-2 (22) . The second exon of coxII-2 was amplified by PCR from a cosmid, 04-4B8, known to contain the gene (9) . The primers used were the upstream primer CO2-NcoI (CCATGGAATATGAG TATTCGGACT), where the underlined bases are not found in coxII-2, and the downstream primer CO2-2 (CCTGAGACGAGCTGCGTCTG). The amplification conditions were as follows: 3 cycles at 42ЊC for 60 s to anneal and 72ЊC for 60 s to extend and then 27 cycles with a 60ЊC annealing step and a 72ЊC extension step. Amplification was performed with Taq polymerase (Perkin Elmer). The product was cloned into the TA cloning vector (PCR1000; Invitrogen). The exon 2 coding region was removed as a HindIII fragment by using a vector HindIII site upstream and a HindIII site immediately downstream of the end of the coxII-2 open reading frame (22) . This HindIII fragment was blunted with Klenow fragment, ligated with an XbaI linker (TCTAGA), and cloned into Bluescript (Stratagene). The truncated coxII coding region was then removed as an NcoI-XbaI fragment and cloned in the Prps16-Trps16 and Prrn-TrbcL expression cassettes (P stands for promoter and T stands for terminator) available in the multiple cloning site of the plastid vector pPRV111B (GenBank accession number U12813) (33) to obtain plasmids pOVZ61 and pOVZ62, respectively.
The Prps16 fragment contains the rps16 ribosomal protein gene 5Ј regulatory region from nucleotide 6656 to 6214 in the plastid DNA (ptDNA) (25) and is included in an EcoRI-NcoI fragment (26) . The Trps16 fragment contains the rps16 gene 3Ј regulatory region from nucleotide 5087 to 4939 in the ptDNA (25) and is included in an XbaI-HindIII restriction fragment. The XbaI site (underlined, with mismatches in lowercase type) was created by using the oligonucleotide 5Ј-CCTAATCAATCCTAATCtAgaGAAATTCAATTAAGG-3Ј as a template for site-directed mutagenesis; the fragment was excised from the ptDNA at the EcoRI site at position 4938 (25) and converted into a HindIII site (25) .
The Prrn 5Ј regulatory region contains the rrn operon promoter and a ribosome binding site and is derived from plasmid pZS195, from which it was excised with the EcoRI and NcoI restriction enzymes for insertion in plasmid pOVZ62. Plasmid pZS195 is the progenitor of plasmid pZS197 (28) , in which the translational initiation codon (ATG) is included in an NcoI recognition sequence. The TrbcL fragment contains the rbcL gene 3Ј regulatory region from nucleotide 59028 to 59238 in the ptDNA (25) and was excised from plasmid pIK100 with the XbaI and HindIII restriction enzymes. The TrbcL fragment was obtained by converting the AccI-XbaI plastid fragment (nucleotide position 59026 to 59234) into an XbaI-HindIII fragment (14a).
Plastid genome transformation. Leaves of tobacco variety Petit Havana were bombarded with plasmid-coated tungsten particles with a Du Pont PDS1000HE Biolistic gun, and transformed tissue was regenerated as described previously (28) . To detect the transgenes, leaf DNA was isolated by the method of Mettler (19) , digested with HindIII and EcoRV, electrophoresed, and blotted onto a nylon membrane (Amersham) with a Posiblot transfer apparatus (Stratagene). By using RAPID hybridization buffer (Amersham) and 32 P-labeled probes generated by random priming (Boehringer Mannheim), blots were hybridized with either a 2.5-kb genomic fragment spanning the insertion site or the 0.55-kb NcoI-XbaI coxII-2 exon 2 fragment.
Analysis of chloroplast transcripts. For use on RNA blots and cDNA synthesis followed by PCR, total RNA was prepared from leaf disks of greenhousegrown plants by the minipreparation method of Verwoerd et al. (29) . RNA samples were treated with 1 U of RQ1 DNase (Promega) at 37ЊC for 30 min before LiCl precipitation. Five micrograms of RNA from each transformant was electrophoresed on a 1.2% agarose-formaldehyde gel and transferred to nitrocellulose essentially as described by Ausubel et al. (1) . Hybridization was performed with the coxII-2 NcoI-XbaI fragment as a probe; the fragment was labeled by the Decaprime system of Ambion. In order to analyze cDNAs representing chloroplast coxII-2 sequences, coxII-2-specific cDNAs were produced by using the downstream primer CO2-9 (AGCCCAAAGCCAAGCTAAGGT) and the upstream primer CO2-NcoI (see above). cDNA synthesis and amplification were performed with Tth polymerase (Perkin Elmer) under the conditions recommended in the Perkin Elmer instructions for the enzyme: a 15-min reverse transcription step at 70ЊC and then 25 cycles of 92ЊC for 60 s and 60ЊC for 60 s. The PCR products were digested with XbaI and StyI to assay for editing of transcripts at the sites overlapping the restriction recognition sequences. PCR products were also cloned in the TA vector PCRII (Invitrogen) and subjected to dideoxy sequencing with Sequenase (U.S. Biochemicals). In some instances, two cloned PCR products were sequenced in the same reaction by using either the CO2-9 or CO2-NcoI primer.
Nucleotide sequence accession number. The sequences of petunia coxII-2 and its editing sites are in the GenBank database under accession number X17395.
RESULTS
Construction of mitochondrial/plastid chimeric genes. The coxII second exon was engineered to contain an AUG start codon by addition of an NcoI site and a post-termination codon XbaI site (Fig. 1) . A translatable transgene was constructed because it is not known whether editing and translation are linked in chloroplasts. The petunia coxII-2 gene differs from coxII-1 in that it has a divergent 3Ј end which extends the open reading frame by 48 codons (22) . The second exon of coxII contains the Cu-binding domain (20) but, unlike the first exon, does not contain membrane-spanning domains that might be deleterious if expressed in plastids. There are seven editing sites in the portion of the coxII transcript (27) introduced into the chimeric gene. The truncated coxII coding region contained in the NcoI-XbaI fragment was directly cloned into two different expression cassettes available in the multiple cloning site of plastid vector pPRV111B. The Prps16-Trps16 cassette utilizes the 5Ј regulatory region of the rps16 ribosomal protein gene, from which the mRNA accumulates at a relatively low level. The Prrn-TrbcL cassette utilizes the strong constitutive promoter of the plastid rRNA operon, yielding high levels of mRNA (26) .
Transformation and selection of transplastomic lines. Bombardment of tobacco leaves with DNA-coated tungsten particles was followed by culturing them on a spectinomycin-containing regeneration medium. Cells which integrated the spectinomycin resistance (aadA) gene into their plastid genome regenerated shoots on this selective medium. Two plants independently transformed with plasmid pOVZ61 and one plant transformed with plasmid pOVZ62 were chosen for further study. Figure 2B and C show results of a DNA blot in which total leaf DNA was digested with HindIII and EcoRV and probed with either the plastid-derived 16S rRNA-trnV targeting fragment or the cox2 NcoI-XbaI fragment. The transgenic plants transformed with pOVZ61 show novel hybridization signals at 5 and 1.8 kb. The pOVZ62 transformant showed hybridization to fragments of 5 and 1.6 kb when the P1 flanking sequence probe was used (Fig. 2B) . The lack of hybridization to the 4.5-kb fragment seen in the wild-type plant indicates that the plants are homoplasmic for the transgene. The smaller of the two fragments detected with the P1 probe also hybridized to the coxII probe, P2 (Fig. 2C) , indicating that no rearrangements occurred. (33) . Much more RNA specified by the transgene is present in the pOVZ62-transformed plant, which contains the rRNA promoter on the chimeric gene, than in the other plants, which carry the rps16 promoter on the transgene (Fig. 3) .
RNA from the transgenic plants was also subjected to reverse transcription and amplification, and the resulting products were digested with StyI and XbaI. Two of the coxII editing events change restriction sites in unedited mitochondrial cDNAs in comparison with edited mitochondrial cDNAs (Fig.  1) . One editing event creates an XbaI site, and the second editing event causes a StyI site to be destroyed. Fractions of each preparation were digested with StyI (S) or XbaI (X) and electrophoresed in a horizontal 1% NuSieve-0.7% agarose gel which was stained with ethidium bromide; the negative image is shown. If RNAs were edited as in petunia mitochondrial coxII transcripts, the StyI site (Fig. 1) would be destroyed and an XbaI site would be created. Lane MW, molecular size markers (indicated in base pairs on the left).
VOL. 15, 1995 TRANSCRIBED coxII SEQUENCES IN TRANSGENIC CHLOROPLASTS 1379 that no detectable editing events occurred in amplification products. To further examine the transcripts for editing at any of the other five predicted editing sites (or at any novel editing sites), amplified cDNAs from the pOVZ62 transformant were cloned and sequenced. In the 28 cDNAs examined (data not shown), no editing at any site or sequence changes which might represent novel editing events were found.
DISCUSSION
The petunia mitochondrial coxII-2 exon 2 sequence was chosen as the target to test for mitochondrial sequence editing in transgenic tobacco chloroplasts for several reasons. Transcripts of the petunia coxII gene had already been observed to undergo seven editing events in exon 2, two of which affected restriction sites in cDNAs. Petunia and tobacco plants are closely related, as reflected in very high similarities between mitochondrial gene coding regions. For example, the petunia and tobacco atp9 genes are 98.7% identical (3, 30) , and the conserved core domains of atp6, where all petunia editing sites are located, are 99.4% identical (4, 16a) . Though many mitochondrial DNA-encoded proteins contain membrane-spanning domains, which could conceivably be deleterious when expressed in chloroplasts, coxII exon 2 does not specify such a hydrophobic polypeptide. Most importantly, coxII exon 2 sequences had already been observed to be edited in a disturbed context in a naturally occurring chimeric gene (21) . Even when flanked on the 5Ј side by a partial atp9-derived sequence and incomplete coxII exon 1 sequences and on the 3Ј end by an unidentified reading frame, and even though the large group II intron is missing, coxII exon 2 sequences are edited when located in the abnormal petunia pcf gene (Fig. 5) . Therefore, addition of 5Ј and 3Ј chloroplast regulatory sequences to coxII exon 2 and deletion of exon 1 and the intron would not be expected to prevent editing.
The chimeric nature of the transgenes, which contain mitochondrial coding regions and chloroplast gene regulatory sequences, cannot solely explain the lack of editing. Chimeric chloroplast genes containing foreign DNA sequences can be edited in transgenic chloroplasts. A chimeric gene containing a fragment of the chloroplast psbE operon and a bacterial antibiotic resistance gene's coding region was introduced into transgenic tobacco plants, and transcripts were found to be edited at the psbL initiation codon (7a).
Though RNA-level expression of the coxII-derived transgene was relatively low in pOVZ61 transformants, abundant RNA was produced in the pOVZ62 transformant. Thus, the lack of editing cannot readily be ascribed to insufficient quantities of substrate. Instead, the lack of editing of the coxII exon suggests that the chloroplast editing machinery cannot operate on mitochondrial sequences. One possible explanation could be the existence of organelle-specific complementary guide RNAs that form part of the system for selecting sites for editing. There is evidence that in trypanosome editing, such RNAs act as a template to specify the location of U insertions (2, 5) . However, though various plant organelle editing sites can be grouped into a number of loose consensus sequences if G-U base pairing is allowed, searches for guide RNAs in plants have been unsuccessful so far. If not guide RNAs, perhaps some other mitochondrion-specific editing component is missing in chloroplasts so that mitochondrial sequences cannot be edited.
Though several mitochondrial sequences in both petunia and maize plants have been shown to be edited in abnormal contexts in naturally occurring chimeric mitochondrial genes (16, 21) , comparable edited recombined genes have not been detected in chloroplasts. It is possible that editing of chloroplast transcripts is more tightly regulated and has speciesspecific components. Recently, Bock et al. (6) showed that psbF mRNA was not edited when an editing site from the spinach psbF gene was integrated into the tobacco chloroplast genome. Additional chloroplast transformation experiments should provide further insight into selection of chloroplast transcripts for editing. 
